Aim: To systematically review and quantify the efficacy of tranexamic acid (TXA) use in reducing the risk of receiving a blood transfusion in patients undergoing orthopaedic trauma surgery, in reducing blood loss, and risk of thromboembolic events.
INTRODUCTION

B
lood loss in patients with orthopaedic trauma is a major source of morbidity and mortality. Blood transfusions are associated with an increased risk of bacterial infection, increased hospital length of stay, as well as an increased cost of over $1731 per admission. [1] [2] [3] A recent study demonstrated that a blood transfusion is associated with increased mortality even 90 days after hip fracture. 4 Between 20% and 60% of patients who sustain hip fractures will require a blood transfusion over the course of their hospitalization. [5] [6] [7] Blood loss and subsequent blood transfusion is not limited to patients with a hip fracture. In a series of trauma patients who underwent intramedullary nailing of 2 or more long bones, all 27 (100%) patients required a blood transfusion. 8 Tranexamic acid (TXA) is a lysine analog that acts as an antifibrinolytic to stabilize blood clot and limit blood loss. Its use was associated with reduced overall mortality compared with control when administered acutely to trauma patients in the CRASH-2 study. 9, 10 TXA has demonstrated efficacy in reducing transfusion rates without increasing complications in patients undergoing elective orthopaedic surgery, including arthroplasty 11, 12 and spine surgery, 13, 14 as well as in patients undergoing surgery for maxillofacial trauma. 15, 16 Despite the benefits established by this literature, TXA is not routinely used in treating orthopaedic trauma patients in the United States. Many clinicians are hesitant to administer TXA secondary to theoretical concern of increased thromboembolic complications. The preliminary studies of TXA use in patients undergoing hip fracture surgery are promising. 17 We hypothesized that the reports of TXA use in all orthopaedic trauma surgery would demonstrate a decreased risk of blood transfusion and total blood loss without altering the risk of thromboembolic events. The purpose of this study was to systematically review the use of TXA in orthopaedic trauma surgery and quantify the efficacy of TXA in reducing the risk of receiving a blood transfusion and perioperative blood loss in patients undergoing orthopaedic trauma surgery.
METHODS
A systematic review was performed in August 2016 using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist of MEDLINE, and Embase databases. The search term was created from the following phrases: "tranexamic acid," "TXA," "fracture," "orthopaedic trauma," "trauma surgery," and "hemiarthroplasty." This initial search yielded 524 studies (Fig. 1) . All 524 abstracts were reviewed by at least 2 reviewers for inclusion in the study. In cases of disagreement, a third reviewer helped achieve consensus. Inclusion criteria were English language, study performed using human subjects, cohort or randomized controlled trial (RCT) that was performed in patients undergoing orthopaedic trauma surgery in which administration of TXA was clearly described as given to one group and placebo or standard of care to another, and studies that reported one of the following outcomes: blood loss, transfusion rate, or thromboembolic events. Studies were excluded if they were performed in patients with facial trauma patients, patients with polytrauma, or patients undergoing elective arthroplasty for osteoarthritis.
An additional search was performed for unpublished data using the American Academy of Orthopaedic Surgeons (AAOS) and Orthopaedic Trauma Association (OTA) conference proceedings from 2014 to 2016 that identified abstracts from 3 unique studies that met our inclusion criteria. A final search through clinicaltrials.gov was also performed, yielding 1 additional study that met inclusion criteria.
Data Collection
Predefined study characteristics and data were abstracted from each of the selected studies by one reviewer and verified by a second reviewer. The study year, country of origin, design (RCT vs. cohort), anatomic region of interest, route of TXA administration, dose, sample size, demographic description of the study population including age and sex, use and type of deep vein thrombosis (DVT) prophylaxis, transfusion rate, number of blood transfusions per patient, blood loss as well as method of calculated blood loss used in each study, rate of in hospital, 30-day and 90-day mortality, length of stay, postoperative hemoglobin (Hb) level, and fall in Hb were all recorded. Differences between reviewers were resolved by joint re-review and consensus. Unless noted otherwise, data are reported as mean values and SDs. The primary outcome recorded was the incidence of blood transfusion, and secondary outcomes included total calculated blood loss, incidence of symptomatic thromboembolic events, including DVT/pulmonary embolism (PE)/cerebrovascular accident/transient ischemic attack, and mortality.
Quality Assessment
Risk of bias was assessed by 2 reviewers. As all of the studies were relatively small in number of patients and not adequately powered to detect differences in thromboembolic complications, the quality was graded as to whether the studies were described as double blinded or unblinded. Any inconsistencies between reviewers were settled by consensus.
Statistical Analysis
Following data collection, the variables were analyzed with the use of Comprehensive Meta-Analysis version 3.0 (New Jersey). Heterogeneity was assessed with inconsistency (I 2 ) and Q values. The incidence of a patient receiving a blood transfusion or experiencing a thromboembolic event was treated as a dichotomous variable, and odds ratios (OR) with associated confidence intervals (CI) were calculated. Total calculated blood loss, a continuous variable, was assessed as a mean difference with associated SD and 95% CIs.
Funnel plots were used to assess for publication bias. Planned subgroup analyses were performed for studies by route [intravenous (IV) vs. topical], anatomic region, and study quality. A planned meta-regression was performed to examine the potential effect of age on the efficacy of TXA in reducing the risk of blood transfusion.
RESULTS
There were 524 studies identified through the search after duplicates were removed. A total of 12 studies met inclusion criteria for the systematic review. Of the 12 studies included in the quantitative analysis, 3 were identified from conference proceedings between 2014 and 2016 and 1 study was identified on clinicaltrials.gov. A total of 1333 patients were included in the 12 studies that qualified for quantitative analysis. The average age of patients in the studies ranged from 35 to 85 years ( Table 1 ). Eleven of the 12 studies included in the quantitative analysis were RCTs, and 1 was a cohort study. Ten of the studies were double blinded and 2 were not. Three of the studies were limited to femoral neck fractures (FNFs), 3 studies were performed in patients with intertrochanteric (IT) hip fractures, 3 studies included all hip fractures (IT and FNF), 1 study was performed in patients with calcaneus fractures, 1 study was performed in patients with femoral shaft fractures, and 1 study was performed in patients with acetabular fractures. In 9 studies, IV TXA was administered, in 2 studies topical TXA was used, and in 1 study topical TXA was given to a subset of patients, and IV TXA was used in another subset. 6 
Primary Outcome: Blood Transfusion
Twelve studies presented data related to blood transfusion as an outcome measure (Table 2) . [5] [6] [7] [18] [19] [20] [21] [22] [23] [24] [25] [26] There was relatively low heterogeneity identified in the studies (I 2 = 34, Q = 17, P = 0.117). The summary OR for receiving a blood transfusion in patients given TXA compared with control was 0.407 (95% CI, 0.278-0.594, P , 0.001) (Fig. 2) .
Secondary Outcomes Perioperative Blood Loss
Seven studies reported calculated blood loss. 5, 6, 18, [21] [22] [23] [24] There was significant heterogeneity in terms of this outcome (I 2 = 94, Q value = 103, P , 0.001). This heterogeneity can likely be attributed to the varying methods used for calculating blood loss and the different time frames that were used. Using the random effects model, the mean difference in perioperative blood loss for patients given TXA compared with control was 304 mL (95% CI, 142-467 mL) (P , 0.001) (Fig. 3A) . The studies were further categorized by the type of blood loss reported [intraoperative blood loss, blood loss within the first 24 hours after surgery, and total calculated blood loss (see Table, Supplemental Digital Content 1, http://links.lww.com/JOT/A188)]. The 2 studies that reported calculated blood loss for the first 24 hours after surgery reported the largest reduction in blood loss with the TXA group (346 mL, 95% CI, 94-598 mL, P = 0.007). 5, 6 Thromboembolic Events
Eight studies reported the rate of symptomatic thromboembolic events (DVT/PE/cerebrovascular accident/transient ischemic attack). The combined OR was 0.968 (95% CI, 0.530-1.766), indicating that there was no significant difference in the risk of symptomatic thromboembolic events in the patients administered TXA compared with control (see Figure, Supplemental Digital Content 2, http://links. lww.com/JOT/A189). There was no significant heterogeneity among the studies in terms of this outcome (I 2 = 0, Q value = 5, P-value = 0.684).
Subgroup Analyses
Subgroup analyses were performed to evaluate whether the association between TXA and odds of blood transfusion varied by route of TXA administration, study quality, anatomic location of fracture, or fracture type.
Route of TXA Administration
The studies were grouped according to the route of TXA that was used in the study (IV vs. topical administration). Emara et al 6 reported 3 study groups, one that was given IV TXA, another topical TXA, and a control, and the results of this study were stratified for the purpose of this subgroup analysis (see Figure, Supplemental Digital Content 3, http://links.lww.com/JOT/A190). The subgroup analysis found that there was no significant difference in the reduction of risk of blood transfusion between the studies that used IV TXA compared with those that used topical TXA. (Q value = 0.067, P = 0.795).
Fracture Location
The 12 studies were then compared based on the anatomic region of fracture in each study (Table 1) . TXA was associated with less blood loss in all subgroups, with no significant difference in the magnitude of the effect of TXA based on anatomic region of the fracture (Q value = 9, P = 0.094).
This subgroup analysis was also conducted isolating the hip fracture studies. Six studies specifically reported on either patients with IT fractures or FNFs (see 
Meta-Regression
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Sensitivity and Publication Bias
A "one removed" meta-analysis was performed removing each individual study from the model, and there was no evidence that removal of any single study resulted in a change in the conclusion that TXA reduces the risk of blood transfusion. Furthermore, a total of 184 missing studies would be required in order for the finding of this meta-analysis to be overturned.
Four abstracts were identified in the search that met inclusion criteria, but either did not provide sufficient detail regarding the number of patients allocated to treatment and control groups or did not provide numbers of patients who underwent blood transfusion from both treatment and control groups and were unable to be included in the metaanalysis. 27, 28, 29, 30 Angulo et al 27 reported similar rate of blood transfusion in both groups of patients undergoing hemiarthroplasty, and 13% rate of thromboembolic event in the TXA group compared with 6% in the control group. Harris et al 28 reported results of using IV TXA compared with historical controls and found no difference in the median number of blood transfusions between groups and a nonsignificant decrease in median intraoperative blood loss in patients undergoing pelvic, acetabular, or femoral trauma surgery. These authors did identify a significant increase in rate of thromboembolism in the TXA group. Lack et al 29 preliminarily reported no significant difference in the rate of blood transfusion between TXA and control groups in patients undergoing acetabular fracture surgery. Moghaddam et al 30 reported a significant reduction in the rate of blood transfusion and blood loss in patients with hip fracture who received TXA.
DISCUSSION
This meta-analysis identified 1333 patients derived from 12 studies and found that TXA significantly reduces the risk of blood transfusion and decreases blood loss in orthopaedic trauma surgery. These findings are consistent with the growing body of evidence that demonstrates the safety and efficacy of TXA in arthroplasty, spine, maxillofacial, and general surgery.
The effect of TXA in reducing blood loss was the strongest in the first 24 hours compared with total blood loss. As TXA has a half-life of 3 hours, it is logical that the association between TXA administration and decreased blood loss is strongest in the first 24 hours and begins to weaken over the subsequent days of hospital stay.
In addition, no significant difference was identified between the effect of topical TXA and IV TXA in terms of reducing risk of blood transfusion. These findings are also in agreement with Shin et al 12 and Chen et al 31 who also recently reported no significant difference between topical and IV TXA in patients with arthroplasty.
A recent meta-analysis by Farrow et al, 17 which was limited to patients with hip fractures, drew similar conclusions. The authors found decreased risk of blood transfusion in the patients who received TXA, as well as decreased blood loss, and no difference in incidence of postoperative complications. 17 They also reported that patients' age did not modify the association between TXA and decreased risk of blood transfusion. Overall, they reported a 46% decreased rate of blood transfusion requirement in patients who received TXA. The separate analysis of patients with hip fracture in the present study found similar results (see Figure, Supplemental Digital Content 4, http://links.lww.com/JOT/A192). As the incidence of hip fractures continues to rise as the population ages, the use of TXA in such patients has the potential to improve clinical outcomes, reduce length of stay, and lower costs.
One of the major hesitations to giving TXA to orthopaedic trauma patients is concern over the theoretical increased risk of thromboembolic events. Although multiple meta-analyses have demonstrated no increased rate of thromboembolic complications with TXA use in arthroplasty patients, 32, 33 orthopaedic trauma patients have a 0.4%-7.5% increased risk of fatal PE compared with patients with arthroplasty. 34 There was no significant increase in the risk of symptomatic thromboembolic events identified in this metaanalysis for a total of 1015 patients were included in the 8 studies that reported this outcome. Each individual study was underpowered to detect a significant difference in the rate of thromboembolic event, given the relatively low rate of this complication in patients who are properly anticoagulated. As the rate of thromboembolic events varies widely by study population and anticoagulation method used, it is difficult to estimate the sample size needed to power a significant finding for this outcome. It is likely that even with the 1015 patients included for this outcome, this meta-analysis is underpowered to detect a significant difference, and even more patients should be studied before a definitive conclusion is made.
A potential weakness of this meta-analysis is the inclusion of studies that have not been published in full-text form ( Table 1) . Part of the slow dissemination of TXA use in patients in the orthopaedic trauma setting is likely related to the publication lag time, and including these studies in this review was intended to offset that delay. Furthermore, the strategy of including studies in abstract form was intended to mitigate the effect of publication bias toward positive findings. For example, we included 1 industry-sponsored unpublished study, which had full details available electronically, that found no significant relationship between TXA and blood loss or risk of blood transfusion in femoral shaft fractures. 18 An additional limitation to this meta-analysis was the heterogeneity in terms of patients included and reported outcomes. We combined the reported calculations of postoperative blood loss, although studies varied in what they defined as the postoperative period and in their calculation methods. For this reason, we chose to report the random effects results for this analysis, which aims to accommodate for this heterogeneity and to stratify in a subgroup analysis.
Overall, the body of evidence for TXA use in orthopaedic trauma surgery has not grown as rapidly as in arthroplasty surgery. Performing well-designed RCTs in the trauma setting requires 24-hour, 7-d/wk research, and patients may be more reluctant to consent to randomization under emergent circumstances. 35 Furthermore, regulations imposed by the Federal Drug Administration may contribute to the slow uptake of using TXA in patients with trauma in the United States. Only 2 of the studies included in this metaanalysis were performed in the United States. The time to operating room, techniques for fracture fixation, threshold for blood transfusion, and the underlying rate of thromboembolic events may vary widely based on country, making these results potentially less applicable to the U.S. population, which is another limitation of this study.
Larger well-designed RCTs will help clarify any potential association between TXA and thromboembolic events, and more research is needed to determine the optimal dose and timing for TXA in orthopaedic trauma patients. In this meta-analysis, TXA did not seem to have a significant effect on the rate of thromboembolic events. Despite its limitations, this meta-analysis indicates that TXA has the potential to reduce both the risk of blood transfusions and blood loss in orthopaedic trauma patients. The preliminary studies indicate that the benefits of TXA may apply broadly to orthopaedic trauma patients of various ages and fracture types, and that the route of administration does not alter the beneficial effect.
